Conclusions-There are no discernible excess risks of leukaemia as a consequence of occupational exposure to magnetic fields in United Kingdom electricity generation and transmission workers. (Occup Environ Med 2001;58:307-314) 
Concern about possible risks of malignancy associated with occupational exposure to extremely low frequency electromagnetic fields (ELF/EMF) began in 1982 with a report which linked the statement of "electrical occupation" on death certificates in Washington State, USA, to an increased risk of leukaemia. 1 Three years later, a similarly designed study reported an increased risk of brain tumours. 2 Many studies have now been reported which have investigated risks of brain tumours and leukaemia in "electrical and electronic" workers.
Also, large scale cohort mortality studies have been carried out on electric utility workers. [3] [4] [5] [6] [7] Several literature reviews are available. [8] [9] [10] The study described in this report seeks to obtain important new information on the topic of occupational exposure to magnetic fields and risks of leukaemia by examining data from an ongoing epidemiological study of electricity generation and transmission workers from the former Central Electricity Generating Board (CEGB) of England and Wales. The mortality study (based on the national epidemiology file or NEF) was initiated by the CEGB in 1975; responsibility for maintaining and analysing the study passed to the successor companies of the CEGB which came into being after the privatisation of the industry in 1990. The study has been used previously to investigate occupational exposure to magnetic fields relative to mortality from brain cancer. 6 
Materials and methods

STUDY POPULATION
The cohort made available for analysis comprised 83 997 employees (72 954 men and 11 043 women) of the former CEGB for whom computerised information was available. All employees were known to have been employed for at least 6 months with some period of employment in the period 1973-82. (The date of computerisation was diVerent for diVerent regions. Consequently, the file does not include details of all employees with some period of employment in the stated period.) The study computer files comprised "header" records (one record per subject) showing identifying particulars (name, date of birth, national insurance number) together with dates of starting and leaving employment with the CEGB, and 304 522 work history records from the NEF (variable number per study subject) showing national insurance numbers, dates of working, and coded entries for job title, region, facility, and negotiating body (pay and conditions) for employment in the period 1971-84. Also, for those subjects still employed in the industry at the start of 1985, a further 44 980 computerised work history records for the period 1985-93 were derived from contemporaneous personnel records known as computerised personnel information system (CPIS) data. Later dates of leaving employment were obtained from recent requests to the pensions and human resources departments of all the successor companies.
The 349 502 work history records were found to relate to 79 972 study subjects; work histories were not available for the remaining 4025 study subjects. The eight region codes related to the following regions and national divisions of the CEGB: South East, South West, Midlands, North East, North West, generation design and construction (GDCD), transmission and technical services (TTSD), and headquarters (HQ). Details of region were missing for 67 726 work history records. For individuals with missing codes, known codes for later periods of working were assumed to apply. Codes for earlier periods were used if later values were unavailable. This procedure enabled the region to be coded for all but 742 work history records.
The negotiating body code related to five employee groups: the National Joint Managerial (NJM) represented managers, the National Joint Board (NJB) represented engineers and scientists, the National Joint Council (NJC) represented administrative and clerical workers, the National Joint Industrial Council (NJIC) represented industrial workers, and the National Joint Building and Civil Engineering Committee (NJ(B+CE)C) represented construction and building workers. The negotiating body was missing for 47 741 work history records. It was unusual for employees to change negotiating body. Consequently, for people with missing codes, known codes for later periods of working were assumed to apply. Codes for earlier periods were used if later values were unavailable. This procedure enabled the negotiating body to be coded for all but 421 work history records.
Facility codes (specific power stations, transmission districts, etc) were problematic in that each region had its own set of codes, codes changed over time, and complete contemporaneous lists were no longer available. Satisfactory decoding was made possible by linking NEF data (work histories in the period 1971-84) with relevant CPIS data. The CPIS data were only available for those employed after 1 January 1985, but for these employees, all earlier periods of employment with the CEGB were described in full text form. These text entries were cross referenced with the corresponding NEF codes for subjects with periods of employment described in both databases. This procedure enabled the facility to be recognised for all but 19 073 (5.5%) work history records. (The CPIS data before 1985 have only been used to help understand the NEF data; they do not feature in later analyses.)
The study received follow up particulars from the National Health Service Central Register (NHSCR) of the OYce for National Statistics (ONS). Underlying cause and multiple cause coding had been supplied by the ONS for all deaths (ICD-8 1973-78, ICD-9 1979-97). A total of 834 (1.0%) subjects had emigrated and 1720 (2.1%) were untraced. For decedents with any mention of leukaemia on the death certificate, confirmation of leukaemia diagnosis was sought from corresponding cancer registration data obtained from the ONS.
ESTIMATION OF EXPOSURE TO MAGNETIC FIELDS
Occupational exposures to the high magnetic fields encountered in parts of the United Kingdom electricity generation and transmission industry have been assessed recently by the EMF research section of the National Grid Company. Full details are available elsewhere, 11 but the protocol may be summarised as follows.
A list was developed showing all power stations, transmission districts, substations and non-operational sites open sometime between 1972 and 1993. Workers at non-operational sites (central and regional headquarters, design and research centres, control centres) were considered to be unexposed to increased levels of occupational magnetic fields.
At power stations, the primary source of magnetic field is the very large current flowing in the generator main connections, which link each generator to its step up transformer. The generator main connections usually comprise three separated conducting bars (busbars) carrying current. At the oldest stations, cables in bundles are used instead; these produce much lower magnetic fields because of the high degree of cancellation. Since about 1968 isolated phase busbars (IPBs) have been used; the three busbars are enclosed by cylindrical sheaths in such a way as to partially screen the magnetic field. At some power stations, nearby overhead lines are also a source of exposure to magnetic fields.
Each power station was classified by the power rating of the generators and by the type of generator main connection (category A generators rated 100 MW or more with busbars; category B generators rated 30-90 MW with busbars; category C generators with cables). Site plans were obtained for each of the category A power stations and a calculated field was derived for each of the main areas of the power station (control room, workshop or stores, administration building, turbine hall, boiler house (conventional power station only), reactor building (nuclear power station only), materials handling), on the basis of its distance from the generator main connections, assuming maximum output from the station (table  1) . Site plans were not available for most category B power stations, and a standard site layout was assumed to apply to each of these stations. Workers at category C power stations were considered to be unexposed to increased levels of magnetic field; site plans were not sought for these power stations.
In general, power stations do not operate at maximum output all of the time, and load factors were obtained for all category A and category B power stations for each financial year (table 1). The calculated field for an area of a power station in a specified financial year is thus given by the product of the relevant load factor and the calculated field assuming maximum output.
For power station workers, 11 work categories were identified based on diVerent patterns of working in the various areas of conventional, nuclear, and pumped storage power stations (table 2). A job dictionary was produced for power station employees, showing alphabetical listings of all unique job titles for each negotiating body. Each of the resulting 8544 entries was assessed by a former senior engineer of the CEGB and classified under one of the 11 working pattern headings (personal communication). A further listing of job titles (with negotiating bodies) shown alphabetically for each of the 11 working patterns was then produced and the classifications were assessed for consistency; a few changes were made.
For transmission workers recent survey measurements on 93 staV monitored for 1 week were used to estimate exposures for eight categories of substation and transmission line workers (table 3) . These exposures were based on the surveyed field levels in eight locations (overhead line on the tower, overhead line on the ground, substation high voltage compound, home substation other than high voltage compound, away substation other than high voltage compound, transmission district home oYce, transmission district away oYce, and travelling by road) and estimates of the time spent in each of these diVerent working areas by workers in each of the eight occupational categories. These estimates were assumed to apply to all periods.
The coded job histories of each study subject were then cross referenced with the exposure assessments to obtain individual assessments of exposure to magnetic fields for the period April 1952 to March 1994. Cumulative occupational lifetime exposures and cumulative exposures in the most recent 5 years were developed for each study subject, as time dependent variables. Software, written in BASIC, was developed to calculate, for each study subject, if and when any of the predetermined cut oV values for exposure levels were reached. The two sets of four cut oV values were selected after reviewing the cumulative exposure distributions for deaths from all causes, and before the calculation of any relative risks. Lifetime and recent exposure categories were based on convenient multiples of 2.5 µT.y and 0.5 µT.y, respectively. For subjects with employment before 1971, the first known employment details were assumed to apply to the earlier employment.
EXTERNAL STANDARD: STANDARDISED MORTALITY RATIO
The mortality experience of the total study cohort (n=83 997) from both all causes and leukaemia was compared with that which might have been expected to occur if rates of mortality for the general population of England and Wales had been operating on the study cohort, having due regard to the composition of the study cohort by sex, age (5 year age groups), and calendar year (5 year calendar periods). Expectations based on person-years at risk were calculated with the PERSON-YEARS computer program. 12 People entered the person-years at risk at the end of the first 6 months of employment or the date of computerisation for the relevant region, whichever was the later. The computerisation date was selected to be 1 January 1977 for all regions except the Midlands (1 January 1973), GDCD (1 January 1975), North West (1 January 1975), and TTSD (1 January 1979), on the basis that these dates were consistent with the regional distributions of dates of leaving employment and dates of death. People left the person-years at risk on the date of death, date of embarkation, date last known alive, or the closing date of the study (31 December 1997), whichever was the earlier. People were censored on reaching their 85th birthday-that is, they make no further contributions to expected or observed numbers past this age. Standardised mortality ratios (SMRs) were calculated as the ratio of observed to expected numbers of deaths expressed as a percentage. In calculating p values and confidence intervals (95% CIs), it was assumed that deaths occur as a Poisson process. Any significance tests were two tailed.
INTERNAL STANDARD: POISSON REGRESSION
Eight variables were considered to have the potential for influencing mortality within the subcohort for which work history data were available (n=79 972): attained age, sex, calendar year, year of starting employment with the CEGB, employment status (still employed or left employment), estimated exposure to magnetic fields (each exposure metric considered in turn), period from first employment, and negotiating body (surrogate for socioeconomic group). These variables were not treated as continuous variables, but rather each variable was categorised into a number of levels (table 4). In constructing the models, it was necessary to ensure that there was at least one death observed at each level of each variable. All adjustments were made before any statistical modelling was carried out. The analysis allowed for subjects to contribute person-years at risk to contemporaneous categories.
The EPICURE computer program 13 was used to provide both person-years at risk (as defined previously) and numbers of deaths for various types of leukaemia (any mention on the death certificate) and for all other causes, for all combinations of all levels of the variables (table  4) . The EPICURE program was also used to carry out statistical modelling by means of Poisson regression. 14 The purpose of the modelling was to provide point estimates of rate ratios (relative risks) for each category of exposure to magnetic fields compared with the baseline (lowest) category, with and without adjustment for other variables. More importantly, the significance of any trend in risk across the exposure categories was assessed by repeating the analysis while treating exposure as a single variable. The five exposure categories were first scored 1-5 to calculate a linearly weighted p value for trend. Information on the estimated cumulative exposure for each study subject at the end of each financial year was used to calculate mean exposures for the person-years at risk in each of the five exposure categories. These mean exposures were then used to calculate a dose weighted p value for trend.
Results
STANDARDISED MORTALITY RATIOS
Observed and expected numbers of deaths for all leukaemias and for all causes are shown by period from first employment and by year of death in table 5. The SMR for all causes of mortality in the most recent period of follow up (1991-7, SMR 83) was similar to that in preceding periods, indicating that inadequate tracing of deaths is not an issue in this study. Compared with national rates, the overall deficit in mortality from all leukaemias approached formal levels of significance (observed 111, expected 132.3, SMR 84, 95% CI 69 to 101). The deficit in overall mortality from all causes diVerent from unity, and there were no significant trends of risk increasing with exposure. Mortalities from chronic lymphatic leukaemia, other leukaemia, all leukaemia, and all other causes are shown in table 8 for four categories of estimated cumulative occupational exposure to magnetic fields received in the most recent 5 years relative to the corresponding rates in the lowest (baseline) category of zero exposure. The presentation of results follows the style of table 6, although the closing date of the survey is now placed at 30 March, 1994 (end of exposure assessments). None of the point estimates of risk shown for chronic lymphatic leukaemia, other leukaemia, and all leukaemia was significantly diVerent from unity, and there were no significant trends of risk increasing with exposure. A highly significant negative trend (p<0.001) was found for risks from all causes other than leukaemia and recent exposure to magnetic fields, both when adjusted for age and sex only and when further adjustments were carried out.
Corresponding findings for acute myeloid leukaemia and chronic myeloid leukaemia are shown in table 9. These analyses were based on few exposed cases, although none of the point estimates of risk shown was significantly diVerent from unity, and there were no significant trends of risk increasing with exposure.
Information on leukaemia subtypes obtained from the survey death certificates was compared with corresponding information obtained from cancer registration particulars. Of the 39 deaths from chronic lymphatic leukaemia, corresponding registration particulars were obtained for 31 subjects of which 29 (93.5%) were recorded as chronic lymphatic leukaemia. Of the 49 deaths from acute myeloid leukaemia, corresponding registration particulars were obtained for 40 subjects of which 35 (87.5%) were recorded as acute myeloid leukaemia. Registration particulars were obtained for all 20 deaths with chronic myeloid leukaemia; all were registered as chronic myeloid leukaemia.
Discussion
This large cohort of United Kingdom electricity generation and transmission workers did not have increased mortalities from leukaemia, on the basis of comparisons with national rates. Also there were no indications of risks of leukaemia increasing with increasing exposure to magnetic fields, irrespective of which subtype of leukaemia was considered and irrespective of whether lifetime or recent exposure was considered.
The style of exposure assessment recognises that the main source of exposure to magnetic fields in a power station is proximity to the main generator connections, and consequently, that the physical layout of departments in power stations will be highly relevant. Also, the assessments recognise that exposures will depend on the variable power output of the station. In short, the assessments have used the physics of exposure to magnetic fields as a starting point. Some early validation work on the power station model has already been completed (Renew DC, personal communication) . Mean exposures to magnetic fields have been calculated for 29 job-facility combinations; these means were based on some 4200 personal full shift magnetic field measurements taken in the period January to July 1999, for employees at three power stations. There was a significant correlation (p<0.05) between the predicted and measured mean fields. It is recognised that the exposure assessments for transmission workers (5.7% of the cohort) do not involve a similar degree of sophistication, although treating non-operational jobs as unexposed should not have introduced bias into the study because it is only unusual (or non-background) exposure which is being considered for the operational jobs. Some limitations have to be attached, however, to our use of the exposure assessments. It has been necessary to assume that a particular job category is associated with the same pattern of departmental working in diVerent power stations and in diVerent periods. Also, exposures associated with employment before 1 April 1952, are not assessed, and first known employment details are assumed to apply to all employment with the CEGB before 1971. Concern has been expressed previously about the use of data from death certificates to investigate risks for leukaemia subtypes. 10 For this particular survey, however, the comparison with cancer registration data suggests that no important bias could have been introduced by the use of death certificate data, particularly for chronic lymphatic leukaemia and chronic myeloid leukaemia.
The study cohort comprises an entry (inception) cohort and a survivor population. Currently, the survivor population subcohort contributes about 85% of the deaths from all causes currently available for analysis. It would have been preferable to have had a study in which the entry cohort dominated the study findings. Analyses for all causes of death other than leukaemia were carried out so that the usefulness of the explanatory variables could be assessed. It seemed highly unlikely that exposure to magnetic fields could have a discernible influence on mortality in general, so that a significant negative or positive trend for this overall disease grouping might indicate that some selection or social class eVect was not being adjusted for, although with such large numbers of deaths available for this analysis, small diVerences in risk ratios can be highly significant. The negative trend shown for this disease grouping and lifetime occupational exposure to magnetic fields after adjustment for socioeconomic category (negotiating body) is probably due to a selection eVect. A particular form of the survivor population eVect may be present. Perhaps workers who stay in the industry doing jobs with higher exposures have to be fitter than workers remaining in other jobs. It does not follow that any such selection eVect would operate in the same way on risks of leukaemia; it may be irrelevant, or fitter people might even be at a higher risk of leukaemia.
Leukaemia risks relative to estimated cumulative exposure to magnetic fields have been studied in other cohorts of electric utility workers. The Southern California Edison Study 3 and the United States Five Utility Study 5 both provided findings consistent with those reported here. The Canada-France study 4 provided positive findings, particularly for acute myeloid leukaemia, but given the results from the other studies, these positive findings may well be due to chance.
The study protocol had proposed significant positive trends of risk of leukaemia with exposure as forming the key evidence for any leukaemogenic eVects of exposure to magnetic fields. In the event, no such trends have been found. This large cohort study provides no evidence that United Kingdom electricity generation and transmission workers have an excess risk of leukaemia as a consequence of occupational exposure to magnetic fields.
